Odd-skipped family of proteins (Odd in Drosophila and Osr in vertebrates) are evolutionarily conserved zinc finger transcription factors. Two Osr genes are present in mammalian genomes, and it was recently reported that Osr1, but not Osr2, is required for murine kidney development. Here, we show that in Xenopus and zebrafish both Osr1 and Osr2 are necessary and sufficient for the development of the pronephros. Osr genes are expressed in early prospective pronephric territories, and morphants for either of the two genes show severely impaired kidney development. Conversely, overexpression of Osr genes promotes formation of ectopic kidney tissue. Molecularly, Osr proteins function as transcriptional repressors during kidney formation. We also show that Drosophila Odd induces kidney tissue in Xenopus. This might be accomplished through recruitment of Groucho-like co-repressors. Odd genes may also be required for proper development of the Malpighian tubules, the Drosophila renal organs. Our results highlight the evolutionary conserved involvement of Odd-skipped transcription factors in the development of kidneys.
Introduction
During vertebrate development, three renal structures of increasing complexity form successively from the intermediate mesoderm: pronephros, mesonephros and metanephros (Saxén, 1987) . Each of these develops by an inductive process mediated by the previous structure. In mammals, the pronephros is not functional but is required for mesonephros formation, which will execute renal functions in the embryo. Later in development, the mesonephros will be replaced by the metanephros, the adult functional kidney. In fish and amphibians, the pronephros is the functional embryonic kidney, being replaced in the adults by the mesonephros. In these organisms, a metanephros does not develop. The three kidney types differ in their organization, but share the same structural unit, the nephron. The number of nephrons varies from 1 to 50 in simple kidneys to a million in the mammalian ones. The nephron is divided in three basic segments: the corpuscle, the tubules and the duct. The corpuscle or glomerulus filters the blood, the tubular epithelium is the site of selective re-absorption and secretion and the duct collects and excretes the urine (Brandli, 1999; Burns, 1955; Saxén, 1987; Vize et al., 1997) .
In Xenopus and in zebrafish (D. rerio), the pronephros is formed by a pair of unique non-integrated nephrons, symmetrically localized in the embryo (Brandli, 1999; Burns, 1955; Saxén, 1987; Vize et al., 1997) . Most of the genes necessary for the formation of the Xenopus and zebrafish pronephros are also crucial for the formation of the more complex mammalian kidneys (reviewed in Ryffel, 2003) . These similarities at the molecular level correlate with physiological homologies. Thus, the tubules of all nephrons have similar subdivisions along the anterior-posterior axis with an analogous distribution of transporters of small molecules and ions along this axis (Zhou and Vize, 2004) .
In Xenopus, the transcription factors XPax8 and Xlim1 are the earliest known genes to be expressed in the pronephric primordium. Their expression in the intermediate mesoderm at early neurulation stage precedes any morphological indication of pronephros formation Heller and Brandli, 1999) . Both genes are essential for tubule and duct formation Chan et al., 2000) . Moreover, only the combined overexpression of XPax8 (or the partially redundant XPax2) and Xlim1 efficiently forms ectopic renal tissue . Early expression of Lim1 and Pax2/8 in the pronephric territory and functional requirement for at least Pax2 have been reported in zebrafish (Majumdar et al., 2000; Pfeffer et al., 1998; Toyama and Dawid, 1997) . Consistently with these results, mice lacking Lim1 or Pax2/8 have severe kidney malformations (Bouchard et al., 2002; Porteous et al., 2000; Shawlot and Behringer, 1995; Torres et al., 1995) .
In Drosophila, the renal (or Malpighian) tubules are the major excretory and osmoregulatory organs. They originate from the embryonic proctodeum, a posterior region of the ectoderm that gives rise to the hindgut. After specification, they proliferate and evaginate from the gut epithelium as four buds, which later extend by cell rearrangement to form the four slim renal tubules (Jung et al., 2005) . In addition, cells from the caudal visceral mesoderm migrate into the tubules to give rise to the stellate cells (Denholm et al., 2003) . Stellate cells transport water and chloride anions, while the rest of the tubule's cells (so-called 'principal cells') transport organic solutes and cations. The transcription factors Kruppel (Kr) and Cut mark the renal tubules primordium within the proctodeum, and both are required for normal proliferation and eversion of the renal tubules. Still, Kr and cut mutant embryos form uric acid excreting cells -therefore with renal tubules characteristicson the hindgut wall (reviewed in Ainsworth et al., 2000) . This suggests the existence of other genes involved in renal tubule specification in Drosophila.
Despite major differences in embryonic origin, general organization and physiology, vertebrate kidneys and Drosophila renal tubules share certain developmental and genetic aspects. For instance, in Drosophila, renal tubules arise from the hindgut primordium, which expresses brachyenteron (Singer et al., 1996) . Its vertebrate homologue, Brachyury, is required to specify mesoderm and is thus necessary for kidney development (Technau, 2001) . The Kr and cut homologues Glis2 and Cux-1, respectively, also play a role in kidney formation in mammals (Sharma et al., 2004; Vanden Heuvel et al., 1996; Zhang et al., 2002) . The Wnt pathway is required for the specification and proliferation of the renal tubules , while Wnt-4 knock-out mice develop small and dysgenic kidneys (Stark et al., 1994) . Moreover, hibris, a fly homologue of vertebrate nephrin (Kestila et al., 1998) , is expressed in prospective stellate cells and is required for their colonizing of the tubules (Denholm et al., 2003) .
In Drosophila, the odd-skipped (Odd) family of genes comprises four transcription factors with high homology in their zinc finger domains: Odd, Sob, Drm and Bowl (Hart et al., 1996; Iwaki et al., 2001) . odd, sob and drm are similarly expressed in the segment of the gut where midgut-hindgut join, and in the ureters of the mature tubules (Ward and Coulter, 2000) , while bowl is expressed along the hindgut (Hart et al., 1996; Iwaki et al., 2001; Ward and Coulter, 2000) . No renal tubules phenotype has been described for odd-family mutants. Two mammalian odd-skipped related genes, Osr1 and Osr2, have been described (Lan et al., 2001; So and Danielian, 1999) . In the mouse, Osr1 expression starts early (E8.0) in the intermediate mesoderm, from where renal structures derive (So and Danielian, 1999) , and is maintained until kidney organogenesis occurs. Osr2 is activated at stage E9.25 in the mesonephros, and later (stage E14.5) in the mesenchyme that surrounds the ducts of the mesonephros and metanephros (Lan et al., 2001) . Osr1 knock-outs lack renal structures (Wang et al., 2005; James et al., 2006) , while Osr2 mutants have normal kidney development (Lan et al., 2004 ).
Here we report that both Osr1 and Osr2 function as transcriptional repressors required for pronephros development in Xenopus and zebrafish. When overexpressed, both lead to formation of ectopic renal tissue. Moreover, Drosophila Odd genes may be also necessary for renal tubule formation and can generate renal tissue when overexpressed in Xenopus. Therefore, Odd/Osr genes are utilized to generate filtration organs in both insects and vertebrates.
Materials and methods

Plasmid constructions
The following cDNA clones were obtained from the I.M.A.G.E. Lawrence Livermore National Laboratory Consortium: XOsr2 (IMAGE 4405046), zOsr1 (IMAGE 7226990) and zOsr2 (IMAGE 7406070). The XOsr1 cDNA clone (Mochii XL211m14) was a kind gift from N. Ueno and the NIBB/NIG Xenopus laevis EST project. The pCS2-XOsr1 construct was generated by inserting the full-length cDNA into EcoRI site of pCS2+ (Turner and Weintraub, 1994) . The pCS2-XOsr2 construct was generated by inserting the full-length cDNA into EcoRI and XhoI sites of pCS2+. To generate the pCS2-zOsr1 and pCS2-zOsr2 constructs, we cloned the corresponding cDNAs into EcoRI and XbaI sites of pCS2+. To generate the MT-Osr and Osr-MT constructs, we PCRamplified the corresponding Osr coding regions with the following pairs of primers: 5′-GAATTCGATGGGGAGCAAGACGCTTCC-3′ and 5′-CTCGAGGCATTTGATTTTGGAAGGCTTGAGTTC-3′ for XOsr1; 5′-GAATTCGATGGGCAGCAAAGCTCTTCCAG-3′ and 5′-CTCGA-GAATCGCAATTTCTCCGGAAAACTTTTC-3′ for XOsr2; 5′-GAATTCG-GAATTAGTCATGGGTAGTAAGACG-3′ and 5′-CTCGAGCTTTATCTTGG CTGGCTTGAG-3′ for zOsr1; 5′-GAATTCTGCACCGGGAATGG-3′ and 5′-CTCGAGGACTGTGGCGCCGC-3′ for zOsr2. The corresponding EcoRI and XhoI sites are shown in bold. The different PCR fragments were subcloned in pGEMT-Easy (Promega) and sequenced. For generating the MT-Osr or the Osr-MT constructs, we cloned the PCR fragments between the EcoRI and XhoI sites of pCS2 MT or the pCS2p+MTC2, respectively. These vectors were kindly provided by D. Turner. To generate the MT-XOsr-EnR and MT-XOsr-E1A constructs, we removed a XhoI and SacII fragment containing SV40 polyA region from the MT-XOsr construct and replaced it with a XhoI and SacII fragment containing the EnR or E1A and the SV40 polyA region. These fragments were obtained from the pCS2-MT-NLS-EnR and pCS2-MT-NLS-E1A plasmids kindly donated by N. Papalopulu. The complete open reading frame (ORF) from the Drosophila drm gene was excised with XhoI and XbaI from the drm cDNA and cloned into the XhoI and XbaI sites from pCS2+ vector to generate the drm construct. To generate the odd construct, we amplified the ORF from the Drosophila odd gene with the following primers: 5′-GAATTCAATGTCTTCCACATCGGCCTC-3′ and 5′-TCTAGA-TATCTGCTCATGATCTCATCGATG-3′. The PCR fragment was subcloned into pGEMT-Easy (Promega), sequenced and then transferred to pCS2 MT between the EcoRI and XbaI sites. The oddΔeh1 construct was generated by subcloning an EcoRI-XhoI fragment from the Drosophila odd gene into the EcoRI and XhoI sites from the pCS2+ vector. This fragment encodes a truncated Odd protein that lacks the last 19 amino acids (SSEKPKRMLGFTI-DEIMSR), which include the eh1 domain (underlined).
DNA sequencing
DNA sequencing was performed with ABI chemistry in an automatic DNA sequencer using T3 and T7 oligonucleotides. Custom synthesized oligonucleotides were obtained from Sigma.
Xenopus, zebrafish and Drosophila in situ hybridization, X-Gal and antibody staining Antisense RNA probes were prepared from cDNAs using digoxigenin or fluorescein (Boehringer Mannheim) as labels. Xenopus, zebrafish and Drosophila specimens were prepared, hybridized and stained as described (Hao et al., 2003; Harland, 1991; Jowett and Lettice, 1994) . Xenopus and Drosophila XGal staining was performed according to Coffman et al. (1993) . Xenopus, zebrafish and Drosophila antibody staining was performed as described (Gómez-Skarmeta et al., 2001; Hernandez et al., 2005; Sanchez-Herrero, 1991) . Antibodies used in this study were rabbit anti-β-galactosidase (Cappel), rabbit anti-GFP (Molecular Probes) and guinea pig anti-Odd (Kosman et al., 1998) . The monoclonal antibody 3G8 were kindly provided by E. Jones In vitro RNA synthesis and microinjection of mRNA and morpholinos All DNAs were linearized and transcribed as described (Harland and Weintraub, 1985) with a GTP cap analog (New England Biolabs), using SP6, T3 or T7 RNA polymerases. After DNAse treatment, RNA was extracted with phenol-chloroform, column purified and precipitated with ethanol. mRNAs for injection were resuspended in water. X. laevis and Xenopus tropicalis embryos were injected in the marginal region at the 2-cell stage using a volume of 10 or 2-5 nl, respectively. V2.2 blastomeres of X. tropicalis 8-16 cell stage embryos were injected with 1-2 nl of morpholino solution. In these experiments, embryos were co-injected with Dextran-Fluorescein (10,000 MW, Molecular probes). Embryos showing fluorescence in the prospective kidney domain but not in the somites were selected under a fluorescent dissecting scope and further processed for in situ hybridization. The localization of Fluorescein was later determined with anti-Fluorescein antibody coupled to alkaline phosphatase (Roche). The following morpholinos were used in this study: MOXOsr1: 5′-TGCTGGAAGGGTCTTGCTCCCCATC-3′, MOXOsr2: 5′-GGCTGGAAGAGCTTTGCTGCCCATT-3′, MOzOsr1: 5′-GCGTCTTACTACCCATGACTAATTC-3′ and MOzOsr2: 5′-AGAGTCT-TACTGCCCATTCCCGGT-3′. The Xenopus morpholinos were designed to target Osr1 or Osr2 genes from both X. laevis and X. tropicalis. X. tropicalis embryos were injected with 10-20 ng of morpholinos at the two cell stage and with 2 ng at the 8-16 cell stage. Zebrafish embryos were injected in the yolk at 1-2 cell stage with 10-20 ng of morpholinos.
Drosophila strains and genetic manipulations
The following mutant alleles are described in Flybase (http://flybase.org/): odd5, bowl 1 , drm 6 . Deficiency drm P2 (Green et al., 2002) deletes from tim to odd and uncovers approximately 30 predicted genes, including drm, sob and odd. Mutant chromosomes were balanced over the 2nd marked balancer chromosomes CyO, Kr-GFP; homozygous mutant embryos were detected as GFP-negative. To trace the lineage of odd-expressing cells in the RTs, we crossed odd-Gal4 (a Gal4 insertion in odd that faithfully recapitulates its expression, gift from M. Calleja and G. Morata, CBM, Madrid) into UAS-flip; act>Draf>LacZ (Campbell and Tomlinson, 1998) . In the resulting odd-Gal4/ UAS-flip; act>Draf>LacZ cells derived from odd-expressing cells are constitutively marked by the expression of lacZ. The expression of the odd lineage (odd>lineage) was compared to the actual expression of UAS-lacZ; oddGal4 larvae. To overexpress Odd-family genes in the RT primordial and hindgut, we used a brachyenteron (byn)-Gal4 driver (Iwaki et al., 2001) . byn-Gal4/TM3, ftz-Z females were crossed to homozygous UAS-bowl (de Celis Ibeas and Bray, 2003), UAS-sob or UAS-odd/TM6B (Hao et al., 2003) or UAS-drm (Green et al., 2002) males. Embryos carrying byn-Gal4 were detected as LacZ (β-galactosidase)-negative. Those expressing odd were detected using an antiOdd specific antibody. UAS-src-GFP is described in Kaltschmidt et al. (2000) .
Results
Osr genes are expressed in the renal primordium of Xenopus and zebrafish A search in databanks identified two X. laevis and two zebrafish EST clones that correspond to genes encoding orthologues of human and mouse Osr1 and Osr2 (Supplementary Fig. 1 ). We named these genes XOsr1, zOsr1, XOsr2 and zOsr2. No additional Osr genes were detected by Blast searches in these species, suggesting that, as in mammals, they have two Osr genes. Both XOsr genes are initially detected during early gastrulation in the involuting mesoderm and endoderm (Figs. 1A, E). At the end of gastrulation, XOsr2 is detected in the intermediate mesoderm (inset in Fig. 1F ) preceding the activation of the early pronephric markers XPax8 and Xlim1 (not shown and inset in Fig. 1I ). During neurulation, this expression resolves in a broad domain largely overlapping that of Xlim1 and XPax8 (Figs. 1F, G, I-K, M-O) . XOsr1 is similarly expressed although at lower levels (Figs. 1B, C). During tailbud (stage 35), XOsr1 is expressed in the rectal diverticulum and in the ducts (Fig. 1D ). At this stage, XOsr2 mRNA is also expressed in the duct but in a broader domain. In addition, XOsr2 is also expressed in the tubules (Fig. 1H ). See for comparison the expression of Xlim1 and XPax8 in the tubules and duct at this stage (Figs. 1L, P).
In zebrafish, zOsr1 also precede the expression of the early pronephros marker zlim1 and zPax2, while the expression of zOsr2 appears at the 8-somite stage, once zlim1 and zPax2 are transcribed but prior to any sign of pronephros histogenesis (see Fig. 2 for a full description of zOsr1 and zOsr2 expression patterns). The staggered expression of Osr1 and Osr2 we observe in zebrafish is similar to that recently described in mice and chicken (So and Danielian, 1999; Lan et al., 2001; Wang et al., 2005; James et al., 2006; Stricker et al., 2006) . This situation is reversed in Xenopus, where Osr2 expression in the prospective renal territory seems to precede that of Osr1, even if both genes are co-expressed by the time the early renal markers XPax8 and Xlim1 begin to be expressed.
Morpholino knockdown of Osr1 and Osr2 impairs renal development in Xenopus and zebrafish
In mouse, Osr1, but not Osr2, is essential for kidney development (Lan et al., 2004; Wang et al., 2005) . We have examined whether Osr genes are required for pronephric development in X. tropicalis and zebrafish by blocking the translation of Osr1 and Osr2 mRNAs with specific morpholinos (MOs) (Supplementary Fig. 2A ).
X. tropicalis embryos injected with 10-20 ng of XOsr1 or XOsr2 MOs show similar downregulation of the early pronephric territory markers Xlim1 and XPax8 (84% and 71%, n = 68 and 66, respectively; Figs. 3A-I, M). This downregulation was not associated with an expansion of muscle tissue as determined by the muscle specific antibody 12/101 (Figs. 3A-I, M). Indeed, in some cases, muscle size was reduced (see Fig. 3M ). Moreover, a strong defect in, or the disappearance of, the differentiated embryonic kidneys was observed, as determined by the pronephros monoclonal antibody 3G8 (Vize et al., 1995) (92 and 78% with reduced kidneys, n = 175 and 166, respectively; Figs. 3J-L, N-P and not shown). To avoid possible kidney defects caused by altered muscle development, we co-injected the XOsr MOs with Dextran-Fluorescein in a single blastomere (V2.2) of 8-16 cell stage embryos, and analyzed tailbud-stage embryos showing Fluorescein signal restricted to the kidney territory, but not in the somites. In these embryos, injection of XOsr1 or XOsr2 MOs promoted a clear downregulation of XSGLT1K and XNKCC2 (Figs. 3Q-T), two genes encoding pronephric epithelial transporters that are specifically expressed in the proximal and distal tubule, respectively (Zhou and Vize, 2004) , without any visible effect on somites formation.
In zebrafish, MOs targeting zOsr1 or zOsr2 genes caused downregulation of the early pronephric markers zlim1 (76% and 46%, n = 85 and 93, respectively; Figs. 4A, E, I) or zPax2.1 (73% and 38%, n = 81 and 77, respectively; Figs. 4B, F, J) and induced defects in the differentiated renal structures (Figs. 4C, G, K). The observed downregulation of zlim1 at 4-somite stage, though, was more pronounced in MOzOsr1 morphant embryos (compare Figs. 4E and I ). In addition, at 72 hpf these morphant embryos showed pericardial edemas and kidney cysts (Figs. 4D, H, L), defects characteristic of renal failure (Drummond et al., 1998; Hostetter et al., 2003) .
In zebrafish and Xenopus, we have compared the effect of targeting both Osr genes at the same time (with half the dose of each MO) with reducing individual Osr gene function. No synergistic effect was observed by reducing Osr1 and Osr2 function simultaneously (not shown). Thus, in contrast to mice (Lan et al., 2004; Wang et al., 2005; James et al., 2006) , in Xenopus and zebrafish, both Osr genes seem to be required for development of kidney structures.
Osr1 and Osr2 gain of function promotes ectopic renal tissue
We next examined the effects of overexpressing Osr genes on Xenopus kidney development. Either wild-type or Myctagged versions of either Xenopus or zebrafish Osr1 and Osr2 mRNAs yielded similar results. Many of the Xenopus Osrinjected embryos showed gastrulation defects that were the more severe the higher the doses of mRNA. However, in embryos injected with 100 pg of mRNA, about 30% showed no gastrulation defects. In most of these (75%, n > 200; Figs. 5A-F), Xlim1 and XPax8 were expressed in ectopic patches of cells.
Other pronephric markers such as XNHF1β or Gata3 were similarly ectopically expressed, but not the glomerulus marker XWt1 (not shown). We also examined the effect of Osr overexpression on genes encoding pronephric epithelial transporters. Late neurula injected embryos showed ectopic patches of XSGLT1 and XNKCC2 expression at similar frequencies (Figs. 5G, H) . These patches differentiate as pronephric structures later, as determined by the tubule-specific monoclonal antibody 3G8 (Figs. 5I, J) . Morpholino-insensitive is expressed in the pronephric territory (arrowhead), preceding the expression of zlim1 (E) and zPax2.1 (F) (arrowheads mark the prospective pronephric territory at this stage). (C, G, H) During early somitogenesis, zOsr1 (C), zlim1 (G) and zPax2.1 (H) show similar expression domains within the pronephros territories, although zOsr1 seems to extend more rostrally. (D, L) At the 8-somite stage, both zOsr1 (D) and zOsr2 (L) mRNAs are expressed in the pronephros, zOsr2 being a transcription domain weaker and shorter. In addition, zOsr2 also shows a weak generalized expression. (I, M) At 24 hpf, the expression of zOsr1 in the pronephros starts to be downregulated (I, red arrowhead). At this stage, zOsr2 is detected in the tubules and in the anterior duct (M, red arrowhead). In addition, zOsr1 is expressed in two rows that run parallel to the pronephros (I, black arrowheads and inset) while zOsr2 is found in the gut (M, black arrowheads and inset). (J, K, N, O) Expression of zOsr1 (J, K) and zOsr2 (N, O) at 60 hpf. zOsr1 is detected in the glomerulus, in some patches in the eye and brain, and weakly in the pectoral fin buds (J). The expression in the glomerulus is clearly visible in a transverse section (arrowhead in panel K). zOsr2 is expressed in the tubules and the pectoral fin buds (N). The expression in the tubules is more evident in a transverse section (arrowhead in panel O). (P) Expression of zPax2 at 24 hpf. The expression in the pronephros is pointed at by an arrowhead and can be visualized in a transverse section in the inset. 
P). Insets are closer views. This reduction is clearly visible in transverse sections (arrow in panels L and P). (Q-T) Lateral views of stage 35
Xenopus tropicalis embryos co-injected with MOXOsr1 (Q, R) or MOXOsr2 (S-T) and Dextran-Fluorescein in the V2.2 blastomere at the 8-16 cell stage. The expression of XSGLT1K (Q, S; purple) and XNKCC2 (R, T; purple) is impaired in the injected side (Fluorescein distribution is visible in cyan). Brown staining in panels Q and T shows the somitic muscles labeled with the monoclonal antibody 12/101. Insets show the control un-injected side. (U) Target sequences for Xenopus Osr Morpholinos (MOs). In all sequences, the first methionine of the corresponding gene is underlined. Identical bases are in blue and mismatches in red. Note that the MOs for each Xenopus Osr gene have one mismatch with the corresponding Xenopus laevis and Xenopus tropicalis target sequences. In contrast, the MO against one of the paralogues has five or more mismatches with the sequence of the other gene. MOs with only one mismatch can efficiently block translation while five or more mismatches make an MO inactive.
MT-XOsr1 and MT-XOsr2 could also rescue the impaired development of renal tissue of embryos injected with XOsr1 and XOsr2 MOs, respectively (50% or 37% with rescued kidneys, Figs. 5K, L). We also examined the effect of overexpressing Osr genes in transverse sections of stage 22-25 embryos triply stained for pronephros, somitic muscle and neural ectoderm. The ectopic renal tissue was always found close to the neural tube, which in some cases was strikingly enlarged in the direction of the ectopic pronephros. The somitic muscles were normal or slightly reduced (Figs. 5M, N) . At stage 38, we also observed a clear enlargement of the endogenous renal tissue and ectopic pronephric structures in the proximity of the spinal cord (Figs. 5O, P) .
In zebrafish embryos, both Osr mRNAs promoted enlargement of the pronephric domains of zlim1 and zPax2.1 markers (Figs. 5Q-S and not shown). At later stages, the differentiated kidney tissue was also expanded (Fig. 5T ). In addition, some embryos displayed ectopic renal tissue (Fig. 5T ).
Osr proteins function as transcriptional repressors during renal development
Two Drosophila Odd proteins, Odd and Bowl, harbor an eh1-like motif that helps recruiting the Groucho co-repressor to downregulate target genes during embryonic segmentation (Goldstein et al., 2005) . Therefore, in this context, Odd proteins work as repressors. In contrast, the molecular function of mammalian Osr proteins is unclear. Osr2 mRNA generates two protein splicing variants, one containing three zinc fingers and the other five, that function as activator and repressor, respectively, in cell culture assays (Kawai et al., 2005) . To further investigate this question, we injected X. laevis embryos with mRNAs (100 pg) encoding Osr proteins fused to either the Engrailed repressor domain (EnR) or the E1A activation domain. Similarly to wild-type Osr mRNAs, XOsr1-EnR or XOsr2-EnR mRNAs induced patches of ectopic expression of Xlim1 and XPax8 (Figs. 6A, B and not shown) that differentiated into renal tissue (Fig. 6C) . In contrast, XOsr1-E1A or XOsr2-E1A mRNAs (500 pg) downregulated Xlim1 and XPax8 and strongly reduced differentiated kidney structures (Figs. 6D-F, and not shown) . Thus, vertebrate Osr proteins appear to act as transcriptional repressors during kidney development.
The zinc fingers of Drosophila and vertebrate Odd/Osr proteins are largely identical in sequence, although the number of zinc fingers varies among them. Vertebrate Osr proteins contain three (except the mammalian Osr2A splice variant that contains five), while Drosophila Drm contains two, Odd four and Bowl and Sob five. In addition, Drosophila Odd and Bowl function in some contexts as repressors by recruiting Groucho, but Sob and Drm do not bind this co-repressor (Goldstein et al., 2005) . We examined whether Drosophila Odd proteins promote ectopic kidney differentiation in Xenopus. odd, but not drm mRNA, promoted ectopic renal tissue (Figs. 6G-I, M-O) . This ability depended on the eh1 domain as its removal abolished it (Figs. 6J-L) . These data strongly suggest that, to function in renal development, vertebrate Osr proteins may also require a Groucho-like co-repressor.
Drosophila Odd genes are expressed during RT formation and may be required for their formation
The ability of odd to promote renal tissue in Xenopus prompted us to determine whether this family of genes is required for renal tubules formation in Drosophila. We reexamined the expression of the different Odd genes in embryogenesis. The similar expression of odd, drm and sob in the gut suggested that the three genes might also be expressed in the renal tubules ureters. This was the case, as detected by coexpression with Cut along the proximal ureteric tubes (Figs. 7A-C, I ). This expression was detected at least from embryonic stage 12 as a stripe of cells at the base of the budding RT primordia (not shown). We did not detect bowl transcription at significant levels in the Cut-expressing cells at any stage.
The expression pattern of drm, sob and odd argues against a role in early stages of renal tubules specification, but suggests a redundant function later in renal tubules development. To test this hypothesis, we examined the renal tubules in odd, drm and bowl single mutants, and in embryos homozygous for a large deficiency (DfdrmP2), that uncover at least 30 predicted genes, including drm, sob and odd (Green et al., 2002) . (No sob single mutation is available, which prevented analysis of its individual mutant phenotype.) None of the three individual mutants affected renal tubules specification, growth or extension. Nevertheless, in DfdrmP2 embryos, renal tubules were singled out as Cutexpressing buds, but failed to grow or extend further (Fig.  7D) . The secretory activity of the remaining rudiments in these mutant embryos, monitored by the production of uric acid, was greatly reduced when compared with normal tubules (Figs. 7E, F) .
The general defective development of renal tubules was not anticipated by the localized expression of odd genes in just the ureters primordia. If odd, sob and drm genes were indeed responsible for the phenotype observed in DfdrmP2 embryos, this might be explained if odd genes were controlling the production of non-autonomous growth signals. In addition, the odd-expressing cells could contribute to the tubules themselves. We tested the second possibility by following the lineage of odd-expressing cells by using a lineage tracing system (see Materials and methods). While in odd>lacZ larvae, X-gal positive cells were confined to the ureters, in odd>lineage-lacZ embryos, positive cells were found along the distal tubules, indicating that drm/sob/odd-positive ureteric cells give rise to tubule cells that lose expression of odd genes (Figs. 7G, H) .
When overexpressed, none of the four odd genes induced or expanded the renal tissue. Only the overexpression of odd (Figs. 7I-K) , and to a lesser extent that of sob (not shown), resulted in a widening and shortening of the tubules and larger ureters, consistent with an alteration of tubule extension. Our results suggest that drm, odd and sob may be required for proper renal tubules development. This requirement is likely to occur after the Malpighian tubule primordia have been specified.
Discussion
Osr1 and 2 genes function at the top of the genetic hierarchy controlling pronephric development
Here we show that the two paralogues Osr1 and Osr2 are expressed at early stages in the intermediate mesoderm. Osr1 in zebrafish and Osr2 in Xenopus are first detected before the earliest markers of kidney development. This is similar to what was described for mouse Osr1 (So and Danielian, 1999; Wang et al., 2005; James et al., 2006) . However, in contrast to the situation found in mammals, where Osr2 seems dispensable for kidney development (Lan et al., 2004) , our morpholino experiments indicate that both Osr1 and Osr2 are required for proper pronephros development in Xenopus and zebrafish. In Xenopus, both genes are coexpressed just at the time the pronephros territory is being defined, as determined by the expression of Xlim1 and Pax8. This is consistent with both genes being required for the early specification of the kidney anlage. The fact that we do not detect synergistic defects when impairing simultaneously both genes indicates that Osr1 and Osr2 are required additively for this specification. In contrast, in zebrafish, Osr1 precedes the activation of early kidney markers while the onset of Osr2 expression is delayed until the 8-somite stage, when the early kidney markers are already activated but still there is no histological sign of kidney tissue (Drummond et al., 1998) . In mice, the onset of Osr2 is further delayed, only appearing at the 18-somite stage, when mesonephros are already differentiating (Lan et al., 2001) . The degree of delay in the activation of Osr2 expression correlates with the functional requirement of these genes: while in zebrafish knockdown of Osr2 mildly affects the expression of early pronephric markers, but severely impairs differentiation of the kidney, the knock-out of Osr2 in mice seems not to have any effect (Lan et al., 2004) . Recent experiments show that the overexpression of Osr1 is able to induce ectopic kidney markers in chicken (James et al., 2006) . It will be interesting to assay if overexpression of Osr2 can also promote kidney formation in chick to determine whether the Osr2 gene of higher vertebrates retains the functional capabilities of its paralogue Osr1.
In both Xenopus and zebrafish, the expression of both genes diverges during pronephros formation, one paralogue being expressed in more proximal segments than the other. Thus, Osr genes may provide distinct late functions during pronephric organogenesis. This functional diversification seems to have proceeded further in the lineage leading to mammals as Osr1 has an additional role in heart development (Lan et al., 2004) .
The knockdown of Osr1 and Osr2 results in the loss of all pronephric structures, including the glomerulus. However, their ectopic expression activates several early and late markers, but not the glomerulus-specific marker Wt1 (not shown). Hence, this structure seems to be missing in the ectopic renal tissue. Osr proteins activate Pax2/8, which can downregulate Wt1 (Majumdar et al., 2000) . Therefore, strategies devised at inducing functional renal tissue by making use of Osr expression should overcome this problem. A transient Osr expression might solve it as it would allow early specification of the whole pronephric primordium, and not interfere with the later formation of the glomerulus.
Our results showing that Osr genes can drive the development of ectopic pronephros, together with the expression and functional data, suggest that they lay atop the kidney genetic program. Nevertheless, only the dorsal region of the embryo was competent to develop ectopic renal tissue upon Osr mRNA injection. Similar results were found with Xlim1 and Pax8 co-injection experiments . In chick embryos, a gradient of BMP activity patterns mesodermal fates with highest signaling levels at the lateral mesoderm inhibiting intermediate fates, including Osr1 expression and renal development (James and Schultheiss, 2005) . Intermediate levels would allow acquisition of intermediate mesoderm fates indirectly, through the relief of a transcriptional repressor activity on intermediate mesoderm genes, such as Osr1 (James and Schultheiss, 2005) . Therefore, intermediate and medial (dorsal) regions would be competent to develop renal tissue. This coincides with the regions in Xenopus where Osr mRNA injection widens the endogenous pronephros or induces ectopic pronephric tissue. There was no correlation between ectopic pronephros and muscle loss (a derivative of dorsal mesoderm), arguing against a muscle-to-kidney transformation. In zebrafish, injected zOsr mRNAs enlarged the pronephros, but only occasionally induced ectopic tissue. This suggests strong restrictions in the competence of the dorsal mesoderm in zebrafish.
The ectopic renal tissue was patchy, while the distribution of ectopic Osr protein was broader and continuous (not shown). Possibly, a lateral inhibition process prevents subsets of Osr expressing cells from differentiating as kidney tissue. Evidently, some sort of signaling, of unknown nature, occurs between the ectopic developing pronephros and the neighboring cells, as shown by the neural tube overgrowths associated with the ectopic renal tissue.
Osr proteins act as transcriptional repressors during kidney development
Native XOsr proteins and the constitutive repressors XOsrEnR similarly induced ectopic kidney tissue in Xenopus, which indicates that vertebrate Osr proteins function as transcriptional repressor in vivo. Drosophila Odd also acts as a transcriptional repressor during embryonic segmentation by directly binding to the Groucho co-repressor (Goldstein et al., 2005) . This interaction occurs through, and requires the C-terminal "engrailed homology 1" (eh1) motif. In Xenopus, we show that odd mRNA also induces ectopic nephrogenesis, an ability that depends on the eh1 domain. This suggests that some member(s) of the vertebrate Transducin-like Enhancer of Split (TLS) family of Groucho homologues (Chen and Courey, 2000) is recruited by Odd. Moreover, the repressor activity of vertebrate Osr products may similarly require interaction with TLS co-repressors. Indeed, we identified a putative eh1 motif in vertebrate Osr1 and Osr2 (Supplementary Fig. 1 ) that is located N-terminal to the zinc fingers, instead of at the C-terminal end as in Odd.
That the activation of the kidney genes Pax8 and lim1 requires the repressor activity of Osr proteins implies the existence of at least one additional intermediate repressor in the cascade. Foxc1 and/or Foxc2 are possible candidates. These transcription factors are required for somites development (Topczewska et al., 2001) and are necessary and sufficient to repress intermediate mesoderm markers, such as Osr1 and lim1 (Wilm et al., 2004) . Still, we do not favor this hypothesis as Osr1 and Osr2 morphants did not show expanded somites associated to the loss of pronephros.
Odd genes are expressed in the renal organs of Drosophila and may be required for their development
We find that Odd genes may also be required for the development of the renal organs of Drosophila. drm, odd and sob are expressed in the ureters of the Malpighian tubules, and embryos homozygous for a deficiency that removes at least 30 predicted genes, including drm, odd and sob, form rudimentary renal structures with impaired excretory activity, a phenotype reminiscent of that seen in Kr and cut mutants (Harbecke and Janning, 1989) . While this may reflect a requirement for these genes in Drosophila renal development, other genes within this deficiency may also contribute to the phenotype. We have found that cells born in the drm/sob/odd expression domain are incorporated into the tubules. Nevertheless, a failure in this cell contribution does not seem to explain the dramatic reduction of Cut cells in the DfdrmP2 mutants and therefore it is likely that, in these embryos, an additional cell non-autonomous growth signal is defective.
Renal organs, in charge of nitric waste excretion and osmoregulation, are pervasive among metazoans. Although it is conceivable that a kidney precursor existed in the common ancestor of both insects and vertebrates, embryological studies indicated otherwise. Vertebrate kidneys have a mesodermal origin, while insect renal tubules are formed mostly as an ectodermal derivative. Nevertheless, recent work raises again the subject of homology. Cells of mesodermal origin undergo a mesenchymal to epithelial transition and then give rise to the stellate cells (Denholm et al., 2003) . Mesenchymal to epithelial transition is also characteristic of mesoderm mesenchymal cells while forming the vertebrate kidney. In addition, several fly renal tubules genes such as Kr, cut and hibris have vertebrate homologues (Glis2, Cux-1 and nephrin, respectively) either expressed or having a role in kidney development (Sharma et al., 2004; Vanden Heuvel et al., 1996; Zhang et al., 2002) . However, these genes are expressed too late to play a role in the specification of vertebrate renal organs. Therefore, Odd/Osr genes are the first ones that seem to participate during early stages of renal development in both vertebrates and invertebrates. This molecular conservation might underlie a deep evolutionary homology between different kidney types. Alternatively, Odd/Osr genes might be used in a conserved molecular cassette engaged in forming and/or patterning tubular organs, as they do during foregut, hindgut (reviewed in Lengyel and Iwaki, 2002) and renal tubules (this work) development in Drosophila, or nephron formation in vertebrate kidneys.
